Here, the experimental phase equilibrium data of the erythritol-xylitol system were thermodynamically optimized, to explore compositions suitable as phase change materials (PCMs) for thermal energy storage (TES). A previous experimental study revealed that erythritol-xylitol was a partially isomorphous system with a eutectic. In the thermodynamic evaluation, the CALPHAD method was employed coupling the phase diagram and thermodynamic property information. There, both unary and binary systems' experimental data were taken into account, and all phases were described using the substitutional solution model. Finally, a self-consistent thermodynamic description for the erythritol-xylitol system was achieved. The calculated eutectic point is at 76.7 °C and 26.8 mol% erythritol, agreeing well with the experimental data. The calculated phase diagram better-verifies the systems' solidus and the solvus, disclosing the stable phase relations. Based on the Gibbs energy minimization, phase diagrams can be predicted for the binary and higher order systems, provided the component subsystems are thermodynamically assessed beforehand. In conclusion, to move forward beyond e.g. non-isomorphous simple eutectic systems, methods using Gibbs free energy minimization from a fundamental point-of-view such as CALPHAD are essential.
Introduction
Improved efficiencies and better management in the energy systems can be realized by integrating thermal energy storage (TES) using phase change materials (PCMs). PCMs can replace fossil-based heating and cooling, by e.g. harvesting excess thermal energy from industries, power plants and like ( [1], [2] ), for use at different locations and time (e.g. in district heating [3] ). TES with PCMs thereby decrease the fossil fuel-based CO2 emissions [4] , while is also attractive for peak shaving and load shifting [5] - [7] . Material challenges keeping PCMs from reaching commercialization to a large extent include cost, phase separation and supercooling. Bulk blends could serve as cost-effective PCMs, if their phase equilibrium is well established and understood. Thereby, blend compositions that do not phase separate and still have pure material-like sharp phase change (i.e., congruent melting, or, eutectics if supercooling is absent), can be accurately chosen as PCMs [8] - [10] .
Polyols are a renewable material category generally safe for handling, with melting temperatures and enthalpies attractive for cooling and low-temperature heating [11] . They are emerging as PCMs, with various pure polyols (e.g. [11] - [18] ) as well as blends ( [19] - [25] ) being evaluated as PCMs. These include the binary polyols system erythritol-xylitol, proposed with a non-isomorphous simple eutectic phase diagram ( [19] , [20] ), or with a phase diagram containing a eutectic with solid-solid phase changes implying a partially isomorphous system ( [21] , [25] ). The non-isomorphous simple eutectic deduction was based on experimental assessments using: Differential Scanning Calorimetry (DSC) [19] , [20] ; Polarized Light thermo-Microscopy (PLM) [19] ; X-ray Diffraction (XRD) [19] ; Infra-Red thermography (IRT) [20] , and theoretical modelling specific to non-isomorphous simple eutectic systems [19] , [20] . The partially isomorphous system was deduced based on experimental evaluations with the Temperature-History (THistory) method [21] , [25] , complemented with Tammann Plots, XRD and Field-Emission Scanning Electron Microscopy (FESEM) [25] .
To complement the experimental evaluations that yielded a partially isomorphous behavior, the erythritolxylitol binary phase diagram is theoretically evaluated herein. For that, the CALPHAD (CALculation of PHAse Diagrams) method [26] based on Gibbs free energy minimization is employed, using the PARROT module in the iterative optimization software Thermo-Calc [27] . The CALPHAD method is considered a suitable choice to evaluate the erythritol-xylitol phase diagram, as this method can evaluate any phase equilibrium type and any material type. This is in-contrast to the previous theoretical approaches employed on the system, which were restricted to a non-isomorphous simple eutectic. With the thermodynamic assessment, it is expected herein to further confirm the erythritol-xylitol system's phase equilibrium behavior forming a partially isomorphous eutectic.
Background
The previous theoretical assessments of the erythritol-xylitol phase diagram were conducted using solidliquid equilibrium (SLE) expressions expressed with respect to the activity coefficients of the components [19] , [20] . There, the correction terms for the solid-solid transitions of the components and for the specific heat (cp) difference between the liquid and solid were neglected, as these are small compared to the activity coefficients' uncertainties [19] , [20] . Based on the experimental results indicating a nonisomorphous simple eutectic behavior (thus considering that the solid components are immiscible), the solid-state activity coefficients were assumed to be equal to unity [19] , [20] . Then, to determine the SLE, in one approach, the liquid-state activity coefficients were determined by employing the modified UNIFAC (Universal quasichemical functional group activity coefficients) method [19] . In another approach, ideal liquid solutions were assumed, and hence assuming the liquid-state activity coefficients also as equal to unity [19] , [20] . Overall, these theoretical assessments conducted on the erythritol-xylitol phase diagram so far are restricted to non-isomorphous simple eutectic systems. Hence, such specific theoretical methods cannot be used to thermodynamically evaluate the partially isomorphous eutectic behavior identified on the erythritol-xylitol system [21] , [25] . Therefore, for the thermodynamic assessment of the erythritol-xylitol system based on this new understanding of its phase equilibrium, the CALPHAD method was chosen as a suitable approach, as it can evaluate any material type and any phase change behavior.
With the CALPHAD method, the Gibbs free energy of a system is minimized to find its equilibrium phases. By employing the CALPHAD method, numerous organic and inorganic multicomponent phase diagrams with complex phase change characteristics have been optimized thermodynamically (e.g. [10] , [28] - [44] ). For that, various optimizer tools have been used, such as: LIQFIT combined with Prophase on binary systems (e.g. [28] - [33] ); TXY-CALC on ternary systems (e.g. [29] - [31] ); FactSage (OptiSage module) on binary-quaternary systems (e.g. [42] ) or, Thermo-Calc on numerous multicomponent systems (e.g. [10] , [34] - [41] , [43] ). In these CALPHAD-based assessments, a part of the total molar Gibbs free energy (Gm) of the system was expressed in-terms of the excess molar Gibbs free energy ( m E G ). There, the excess molar Gibbs free energy was often expressed in the form of a Redlich-Kister polynomial for binary ( [10] , [29] - [31] , [34] - [41] , [43] , [44] ), ternary ( [10] , [37] , [38] ) and quaternary ( [42] ) systems. In certain ternary systems evaluations, the excess molar Gibbs free energy was expressed according to the Kohler's method 1 (e.g. [29] - [32] ).
By employing the CALPHAD method together with Thermo-Calc (PARROT module), the phase diagrams of: the binary polyol systems 2-amino-2-methyl-1,3-propanediol (AMPL)-neopentylglycol (NPG) [34] , [36] , pentaerythritol (PER)-AMPL [35] , [36] , and AMPL-pentaglycerine (PG) [43] ; the binary amine-polyol systems tris(hydroxymethyl)aminomethane (TRIS)-NPG [36] , TRIS-AMPL [39] , and TRIS-PG [43] ; and the ternary polyol systems PER-PG-NPG [10] , [37] and PER-NPG-AMPL [38] ; have been thermodynamically assessed. These phase diagrams contain complex phase equilibrium features including eutectics, peritectics, eutectoids and peritectoids. The phase diagrams of the AMPL-NPG [34] , [36] , PER-AMPL [35] , [36] , and AMPL-TRIS [39] , TRIS-PG, AMPL-PG [43] , PER-PG-NPG [10] , and PER-NPG-AMPL [38] systems were thermodynamically optimized, obtaining satisfactory agreements with the experimental data. For the TRIS-NPG system, an unoptimized phase diagram using ideal solutions assumption was found to have reasonable agreements with the experimental data, possibly owing to small excess molar Gibbs free energy parameters of the system [36] . In these organic systems, different liquid and solid solution phases were thermodynamically described by employing: regular and sub-regular solution models [10] , [34] , [35] , [37] , [38] , [43] ; substitutional solution models [10] , [37] , [38] ; and ideal solution models [34] .
Evidently, the CALPHAD method is an attractive choice for modelling a materials system's deviations from the ideal behavior, unlike e.g. the specific methods employed on the erythritol-xylitol assessment in literature, which were restricted to ideal or dilute solutions. Besides the flexibility in evaluating complex phase equilibrium systems, another attractive attribute of CALPHAD is the ability to predict higher-order system's phase diagrams, when the corresponding sub-systems are thermodynamically assessed already. For instance, the PER-PG-NPG ternary phase diagram was first theoretically predicted using the binary phase equilibrium descriptions of the involved components [37] . Thereafter, the ternary phase diagram predictions were refined by employing inputs from experimental and further thermodynamic assessments [10] . Therefore, the CALPHAD method is instrumental in predicting the phase equilibrium of multicomponent systems, in designing PCMs out of bulk blends.
Overall, the CALPHAD method is undoubtedly ideal for evaluating complex phase diagrams of organic and inorganic systems, in the focus of designing PCMs from blends. Specifically, many binary and ternary organic phase diagrams, with a majority being of polyols, have been successfully thermodynamically optimized using the CALPHAD method combined with Thermo-Calc PARROT module. Therefore, the CALPHAD method with Thermo-Calc (PARROT module) is chosen as an appropriate approach to thermodynamically evaluate the erythritol-xylitol binary polyols phase diagram, containing a eutectic in a partially isomorphous system [25] . This is in-contrast to the specific theoretical methods employed so far in literature to study the system, which were restricted to non-isomorphous simple eutectic behavior.
Aims
The aims of the present study are to: employ a CALPHAD-type thermodynamic assessment taking into account both thermodynamic properties such as enthalpy and heat capacity measurements as well as experimental phase diagram information, to establish a self-consistent thermodynamic dataset; and using this dataset to predict the equilibrium phase diagram, irrespective of the chemical characteristics of the components. In short, the CALPHAD approach applying the Gibbs free energy minimization was chosen to evaluate the erythritol-xylitol system. As the optimization tool, Thermo-Calc (PARROT module) was chosen.
Thermodynamic Assessment of the Erythritol-Xylitol Phase Diagram with the CALPHAD Method using Thermo-Calc
For the thermodynamic phase equilibrium evaluation of the erythritol-xylitol binary polyols system, the CALPHAD method was employed, as detailed herein. There, the thermodynamic models employed are described in section 2.1, while the experimental information on the system used are concisely presented in section 2.2. The thermodynamic optimization was conducted as explained in section 2.3.
In theory, a binary system is essentially made of two elements. However, in common lay-terms, often a binary phase diagram is also made of two components, which essentially is a multicomponent system made of the number of elements the components have. Hence, the erythritol-xylitol system is in fact a ternary system of the three elements C, H and O. Considering the chemical stability of erythritol and xylitol in their individual and mixing states, neither chemical decompositions nor new sub-components formation occur beyond the erythritol-xylitol combination. This was verified in the experimental evaluations [25] . Thus, the erythritol-xylitol system is here thermodynamically treated as a pseudo-binary system. For the engineering purpose of designing PCM blends using phase diagrams, the erythritol-xylitol system will nevertheless be referred to as a binary system.
The erythritol-xylitol system was experimentally found [25] to contain the liquid phase, and the solidsolutions of erythritol and xylitol (denoted as SEt and SXy here) with mutual solubility 2 . The stable state of erythritol is tetragonal [45] , and the stable state of xylitol is orthorhombic [46] . For the sake of simplification in notation here these are approximated and denoted to be, BCC (body-centered cubic) and FCC (face-centered cubic) structures, respectively. Thus, their solid solutions SEt and SXy are also modeled as BCC and FCC respectively, because, a solid solution retains the crystal structure of the solvent component [47] . The phase equilibrium of the three phases in the erythritol-xylitol system: liquid, BCC and FCC, can be described based on the Gibbs energy minimization of the whole system [26] .
Thermodynamic Models
Using the substitutional solution models [26] , [44] , the molar Gibbs free energy of the solution phases liquid, BCC and FCC, in the erythritol-xylitol system are described using 
Experimental Pure Components and Phase Diagram Data
As was explained (section 1), the erythritol-xylitol binary phase diagram has been so far presented in open literature by only a few studies ( [19] - [21] , [25] ). There, it was proposed to be a non-isomorphous simple eutectic system [19] , [20] or, to be a partially isomorphous system containing a eutectic [21] , [25] . Regardless of the disparities on the overall phase diagram of the system, the eutectic point is confirmed. However, it has disparities on the composition and temperature proposed: to be 25 [19] , 25-30 [25] , or 36 [20] mol% erythritol, at 82 °C [19] , [20] or 77 °C [25] , respectively. Gunasekara et al. [25] observed partial miscibility of the system over more than three melting cycles in the Temperature-History (T-history) cycling, later confirmed via evaluations in high-temperature X-Ray diffraction (XRD) and Field-emission Scanning Electron Microscopy (FESEM). Although the other evaluations also used multiple assessment methods (Differential Scanning Calorimetry (DSC) [19] , [20] , Infrared Thermography (IRT) [20] , Polarized Light (thermo-) Microscopy (PLM) and X-Ray Diffraction (XRD) [19] combined with thermodynamic modelling [19] , [20] , c.f. section 1.1), the number of cycles the system was evaluated were not specified. Hence, in this present work, the partially isomorphous eutectic deduction [25] is chosen for the thermodynamic evaluation of the blend.
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Gunasekara et al. [25] also have determined the pure component's temperatures and enthalpies of fusion, and the specific heat capacities. However, the signal to noise ratio encountered with the T-History method was rather small, which caused a larger uncertainty in the calculated cp and enthalpy. Therefore, the pure component properties from Tong et al. for erythritol [48] and xylitol [49] were used in this thermodynamic assessment. There, the cp measurements were performed using an automated adiabatic calorimeter under extremely slow heating rates [48] , [49] , which produced smoother cp profiles, and enthalpies with higher accuracy. The enthalpy of fusion of erythritol and xylitol are also used as proposed by Tong et al., as equal to: 37920 J/mol and 33260 J/mol [48] , [49] (i.e., 311 J/g and 219 J/g), while their melting temperatures were chosen as to be at 393.85 K and 368.32 K (i.e., 120.7 °C and 94.8 °C) respectively [25] . Combining these pure component properties from Tong et al. [48] , [49] with the phase diagram of Gunasekara et al. [25] , the thermodynamic assessment was performed. In the experimental study, the highest eutectic enthalpy was obtained on the 25 mol% erythritol, and the minimum melting point in the liquidus was observed at 30 mol% erythritol, respectively from the evaluated compositions [25] . Therefore, in this work, the experimental eutectic composition is chosen to be ~27 mol% erythritol.
Thermodynamic Optimization
The thermodynamic assessment of the erythritol-xylitol system was done by optimizing the thermodynamic parameters by using the iterative software Thermo-Calc [27] , using its PARROT module. Considering the polyols erythritol (BCC) and xylitol (FCC) as the two pure constituents of the system, the BCC and FCC phases were first optimized using the thermal properties from Tong et al. [48] , [49] . Thereafter their respective liquid phase was optimized to reproduce the experimental melting temperature and enthalpy of fusion of each unary. Finally, the binary experimental data from Gunasekara et al. [25] were fitted via thermodynamic optimization of the interaction parameters in the liquid and in the two solid solutions (SEt and SXy) as well.
Results and Discussion
The results of the optimized parameters of the Gibbs free energy expressions for the pure erythritol, pure xylitol, and the description of the erythritol-xylitol binary system for the BCC (i.e., SEt), FCC (i.e., SXy) and liquid solution phases are summarized in Table 1 . The calculated specific heat and enthalpies of the unary components from the present assessments are shown: for pure erythritol in Figure 1 and Figure 2 ; and for pure xylitol in Figure 3 and Figure 4 . Here, it can be seen that the optimized data fit well with the available experimental data (plotted using triangular data points). The calculated binary phase diagram of the erythritol-xylitol system is shown in Figure 5 (in solid lines), plotted together with the employed experimental data from Gunasekara et al. [25] (in data points). Here, for comparison, the calculated liquidus and solidus of the system from literature [19] , [20] are also plotted using dotted-lines. [19] ; and in magenta, the liquidus from the ideal solutions approach by Del Barrio et al. [20] .
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As seen in Figure 5 , the calculated data in this work agree rather well for the most of the liquidus and solidus experimental points. This thermodynamic optimization better-verifies the solidus, liquidus, solvus and the eutectic point in the system. The thermodynamic assessment here is a valuable contribution especially with the verification of the solidus around the compositions 80-98 mol% erythritol and the liquidus around the eutectic point, where the experimental data (from Gunasekara et al. [25] ) had larger variations. In addition, this thermodynamic evaluation presents the thermodynamically correct solvus propagation in the phase diagram where the experimental points displayed deviations from a possible trend. Most importantly, the erythritol-xylitol equilibrium phase diagram here calculated based on the optimized thermodynamic parameters verifies the experimental conditions during the study by Gunasekara et al. [25] to have reached stability.
The optimized phase diagram in this work in Figure 5 (in solid lines) can be compared with the nonisomorphous simple eutectic phase diagrams proposed by Diarce et al. [19] using the modified UNIFAC model, and by Del Barrio et al. [20] using ideal solution approach (c.f. section 1.1), plotted using green and magenta dotted lines respectively. Clearly, the earlier phase diagrams are different to the partially isomorphous eutectic phase diagram here. Besides, in their calculated results, Del Barrio et al. [20] have only presented a liquidus, but no solidus for the system. The calculated eutectic temperature and composition in this work are compared to the previous literature data, in Table 2. As Table 2 shows, the calculated eutectic temperature and composition in these non-isomorphous simple eutectic phase diagrams have reasonable dissimilarities between each study ( [19] , [20] ), as well as between their respective experimental data. The calculated eutectic temperature and composition in this work agree well with the experimental data of Gunasekara et al. [25] , used in the optimization. As the non-isomorphous simple eutectic phase diagrams proposed by Diarce et al. [19] or Del Barrio et al. [20] are not comparable with the partially isomorphous eutectic phase diagram here ( Figure 5 ), this eutectic point is also not directly comparable with the earlier studies ( [19] , [20] ). Nevertheless, the calculated eutectic composition in the present work has reasonable numerical agreements with those found by Del Barrio et al. [20] theoretically via the ideal solution approach, and by Diarce et al. [19] through the DSC experiments. However, the eutectic temperature here is very different to those found by both Diarce et al. [19] and Del Barrio et al. [20] . These deviations maybe due to the differences in their employed experimental conditions, and the modeling approaches approximating to dilute or ideal solutions [19] , [20] in contrast to accounting the deviations from the idealities herein.
Conclusions
The erythritol-xylitol binary phase diagram is successfully optimized, using a substitutional solutions model in the CALPHAD method, by employing Thermo-Calc PARROT module. The calculated phase diagram is in good agreement with the experimental liquidus, solidus and the solvus on the system. This evaluation thermodynamically verifies the system's phase boundaries as a partially isomorphous system containing a eutectic. In addition, the calculated results enable the confirmation of the solidus, liquidus, and solvus points that displayed deviations from a common trend during experiments. The calculated eutectic point lies at a temperature of 76.7 °C and a composition of 26.8 mol% erythritol, as compared to the experimental data of 77 °C and ~27 mol% erythritol respectively. Thus, the thermodynamic study verifies the system's thermodynamically optimum eutectic temperature and composition. As a whole, this thermodynamic assessment also confirms that the phase diagram of the system corresponds to the stable equilibrium.
The thermodynamic optimization of the binary phase diagram of the erythritol-xylitol system exemplifies the utility of the CALPHAD method coupling the phase diagram information with thermo-chemical properties such as heat capacities and enthalpy changes at various temperatures. CALPHAD, with flexibility to evaluate any material and phase equilibrium type, is advantageous over the specific theoretical methods employed so far to study the erythritol-xylitol system in literature which were restricted to nonisomorphous simple eutectics. An added advantage with the fundamental Gibbs free energy minimization approaches like CALPHAD method is the ability to predict the multicomponent phase diagrams, provided their sub-systems are already thermodynamically optimized. Therefore, to study and effectively predict multicomponent phase diagrams in the focus of designing PCMs from blends, the fundamental Gibbs free energy minimization approaches like CALPHAD method are instrumental. 
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